The far-infrared laser vibration-rotation-tunneling (FIR-VRT) spectrum of the propane-water complex has been measured in the range 18-22 cm-'. A C-type VRT band has been assigned with a band origin of 19.6 cm-' . The data support the "kite-shaped" structure determined from microwave spectroscopy in the accompanying paper, and indicate that the observed VRT band corresponds to torsional motion of the free water proton about the hydrogen bond. This motion is impeded by a barrier that is less than 5 cm-'. We describe our modification of the supersonic slit-jet source designed to permit Stark effects to be measured, and have used second-order Stark shifts to help assign the perpendicular transition observed.
INTRODUCTION
The "hydrophobic effect" is of central importance in chemistry and biology. While there is a general agreement that the effect is principally a result of disrupting the strong hydrogen bonding networks in the aqueous phase, controversy exists with respect to molecular descriptions of the phenomenon. '" This controversy is principally due to the lack of accurate intermolecular potential surfaces (IPS) for describing the interactions between water and even simple hydrophobes, as well as suitable analytical forms for describing these surfaces in dynamical calculations.
In the present paper and in its counterpart,13 we present our results for the water-propane complex. We have chosen this system as the third level of complexity because it is the simplest that allows us to address the interactions between water and both a methyl and methylene group. We note that the recent work of Blake and co-workers'4 has addressed the important subject of wateraromatic interactionsin the same fashion, viz. by a combined microwave FIR-VRT spectroscopy approach.
II. EXPERIMENT
The simplest class of water-hydrophobe systems are comprised of water interacting with the rare gases. We
The Berkeley tunable far-infrared spectrometer has have recently completed an extensive study&-" of the probeen described in detail previously, '5 so only a brief distotypical H20-Ar cluster which has culminated in the decussion of the technique and the modifications incorporated to permit measurements of the Stark effect will be termination of a very detailed three-dimensional intermolecular pair potential surface*~'O (IPS), obtained by direct presented here. Fixed-frequency far-infrared radiation is generated by continuously pumping a 3-m molecular gas inversion of far-infrared vibration-rotation-tunneling (FIR-VRT) spectra. This new and accurate IPS could be far-infrared laser with a 100 W CO2 laser. To provide conemployed for improved simulations of hydrophobic hydratinuously tunable FIR radiation, the fixed-frequency FIR laser output is optically coupled onto a gold-nickel antenna tion, as previously carried out by several groups using only (0.2 mm-l mm long) which acts as one lead of a GaAs a crude guess for this crucial property. The hydrophobic Schottky-barrier diode. By also applying tunable microeffect will depend principally on the short-range portion of wave radiation (2-l 10 GHz) to this diode, sum and difthe solute-water IPS, as this forces the hydrogen bonding rearrangement in the solvent. Our new IPS (AW2) lo exference frequencies are generated by nonlinear mixing in the diode, and these are then reradiated by the antenna. A hibits a more complicated topology in its repulsive wall that was not inherent in the simple pair potential used in Martin-Puplett polarizing diplexer interferometrically separates these sidebands from the much stronger fixedthe simulations.
frequency laser signal. The next level of complexity that we have investigated is water interacting with the simplest saturated hydrocarbon-methane. * '*I2 This system constitutes a significant escalation in the VRT dynamics, since these are now described by six large amplitude coordinates, rather than the three dimensions that characterize atom-polyatom interactions. Accordingly, the current IPS for this system is of necessity, a more primitive one, although it does appear to possess the correct qualitative features. ' IPresent address: Department of Chemistry and Physics, Beaver College, Glenside, PA 19038.
After leaving the diplexer, both sidebands are directed to a multipass cell similar to that described by This provides several (typically 10) passes of the laser in front of a planar supersonic jet, a 10 cm long continuous nozzle with a spacing between jaws of slightly over 25 ,um.15,*8 An absorptive loss in the sideband power is detected with either a Rollins-mode indium antimonide detector or a Putley-mode indium antimonide detector. Lock-in detection was used with 50 kHz frequency modu-.lation of the microwave frequency and 2-f demodulation. The expansion chamber, an 8 in. (20 cm) six-way cross, was pumped by a 2500 cfm Roots pump (Edwards Far-infrared spectra of a supersonic expansion containing 3% propane (instrument purity, 99.5010, flow rate 0.02 sscfm, Matheson) in argon (99.995% pure, Liquid Air Corporation) at 7 psi (gauge) ( 1120 Torr) and saturated with distilled water were recorded in the frequency range from 498 to 8 10 GHz ( 16.6-27.0 cm-'). If either sideband was near a water absorption, the entire beam path was sealed and purged with dry nitrogen.
The far-infrared lasing transitions used are listed in Table I . Frequencies are taken from Ref. 19 . One of the strongest FIR transitions is shown in Fig. 1 . The observed signal-to-noise ratio ranged from 1:l to 35:l. To assist in assigning the complicated spectrum observed for the propane-water complex, the Stark effect was used. The use of a dc electric field as an assignment tool in microwave spectroscopy is well known,20 and has additionally been used in intracavity far-infrared spectroscopy by Ray et aL21 and in the molecular beam electric resonance (MBER) technique of Marshall et al. 22 However, this represents the first application of Stark spectroscopy with tunable FIR lasers, or with planar supersonic jets.
The most practical way to apply a Stark field to the slit-jet source in the FIR spectrometer is parallel to the face of the slit jet. The polarization of the FIR laser for most of the lasing transitions used in this study thereby results in the Stark field being applied parallel to the electric field of the laser. Using another Stark field geometry described below permits at least some control over this relative polarization. Two 3 mm thick aluminum plates, each 12.7 cm long by 15.2 cm wide, were hand polished to achieve uniform flatness. The Stark plates are supported above and below the slit jet body, which is 11.4 cm long and 2.54 cm high, and are spaced from it by 2.5 cm Plexiglas blocks. This yields a 7.6 cm plate spacing. Of the 12.7 cm of Stark plate length, only 10.1 cm project beyond the face of the slit. Two Plexiglas rods run beside the slit source, and attach the Plexiglas blocks to each other, sandwiching the stainless steel source between them. Equal and opposite electric potentials are applied to the two plates relative to the source, which is grounded. There is also a voltmeter outside the chamber to measure the actual potential across the plates.
Additional experiments were attempted in which the Stark field was applied between the slit jet and a parallel horizontal wire in front of it. Because this geometry was more difficult to align, and was therefore less reproducible, this approach was abandoned. In spite of this disadvantage, this does permit the generation of a Stark field perpendicular to that applied by the parallel-plate geometry described earlier.
Fortunately, the presence of the Stark plates did not substantially intefere with the supersonic expansion dynamics (thus heating the beam) and the electric fields obtained were sufficiently uniform to permit narrow linewidths to be observed. The upper limit on the Stark field that can be applied is determined by the dielectric breakdown voltage of the gas between them. In an argon expansion, with our geometry, this limits the potential to 340 V. Across the 7.6 cm spacing, this is 44.6 V/cm. With zerofield linewidths of about 1 MHz, this is adequate for observing most first-order Stark splittings and for fast tuning second-order splittings. A representative spectrum appears in Fig. 2 .
III. EXPERIMENTAL RESULTS AND DISCUSSION
Spectral lines were measured in the frequency range from 503 to 7lJ G_&, a range of 7 cm-'. Of the over 600 lines initially observed, 154 lines of the complicated (K = -0.85), spectrum observed were eventually assigned to C-type vibrational transition originating from the ortho ground state identified in the accompanying paper. FIG. 2. One of the more well-resolved Stark spectra of the propane-water complex. This is the 550~440 transition depicted at zero field in Fig. 1 . In this spectrum, the Stark field was applied horizontally, parallel to the laser polarization.
The technique of common-upper-state combination differences was used to assign this spectrum, using and refining the lower-state constants presented in the previous paper. However, some pairs of transitions assigned by combination differences were at energies incompatible with the upper-state constants. This indicated that some upper rotational levels were affected by a strong resonant-type mixing, so the fitting was performed by combining FIR combination differences with microwave data assigned an uncertainty of 1.5 MHz to the combination differences and an uncertainty of 0.004 MHz to the microwave transitions. The ground-state constants determined in this fit are presented in Table II . With the ground-state constants tixed at the values so obtained, the upper state can be characterized by a direct fit of the far-infrared spectrum, assigning an uncertainty of 1 MHz to each individual transition. The resulting Watson S-reduced constants23 are also shown in Table II , and the assignment and residuals of the upperstate fit are shown in Table III . The resulting fit is within the estimated experimental uncertainty, with a standard deviation of 1.1 MHz.
Experiments with the Stark plates described above yielded some important information for assigning the propanewater spectrum. All the far-infrared absorptions between 558 and 702 GHz were checked for a Stark effect, initially by using the background-subtract feature of the data acquisition program to subtract a 25 MHz scan with the gas on, but the Stark fields off, from the previous scan taken with the Stark fields set on the highest field accessible: 320-340 V. Transitions showing a frequency shift, such as that due to a second-order Stark effect, would appear with a "third-derivative" line shape because of our initial 2-f detection scheme. This Stark -shift scanning approach indicated pairs of lines of nearly equal intensities that Stark-shifted toward or away from each other. Some of those pairs that shifted toward each other also fell in linear-rotor patterns with a spacing of about 4.65 GHz. All lines that showed Stark shifts, along with their eventual assignment, are shown in Table IV . Several of these lines were assigned as the two components of a slightly split asymmetry doublet, consistent with the pseudo-first-order Stark shifts expected for nearly degenerate states.
IV. DISCUSSION
By analogy to ArH20,10 one possible interpretation of this band would be that of a H,O internal rotation transition (i.e., the lloc lo1 transition of free water, which occurs at 18.5 cm-') involving the lowest two rotational states of ortho water. If the propane exerts only a weak force on the water, then the internal rotor transition in the complex will be relatively unchanged from this frequency. This model also predicts that the permanent dipole of the complex would be near zero, for there would be little net orientation of the water within the complex. Therefore, one possible assignment would be that of an ArH,O-like llo II + lo1 Z water internal rotor transition, with the II state split by the asymmetry of the propane subunit into an in-plane and out-of-plane vibration (transitions to the outof-plane bend would follow C-type selection rules). This specific interpretation has been shown to apply to the Ar,HCl system.24
This model would be entirely consistent: Propanewater has a very isotropic IPS such that the water molecule executes nearly free internal rotation with its dipole on average slightly aligned along the propane b axis (the complex a axis). However, a problem arises when comparing 1  9  2  8  8  1  10  2  8  9  1  10  2  9  9  1  11  2  9  10  1  11  2  10  10  1  12  2  10  11  1  7  2  6  8  1  11  3  9  11  1  10  3  8  10  1  7  3  5  7  1  6  3  4  6  1  4  3  2  4  1  3  3  1  3  1  3  3  0  2  1  3  3  1  2  1  4  3  1  3  1  4  3  2  3  1  7  3  4  6  1  7  3  5  6  1  8  3  5  7  1  8  3  6  7  1  9  3  6  8  1  10  3  7  9  1  10  3  8  9  1  11  3  8  10  1  11  3  9  10  1  12  3  10  11  1  13  3  11 1  1  1  1  1  3  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  2  3  3  3  3  3  .3  3  3  3  3  3  3  3   13 581204 this with the data available for the methane-water complex. I2 The water-methane complex has been shown to have a dipole moment large enough such that pure rotational transitions are easily observed.12 In terms of electrostatic forces, propane differs from methane in that it possesses low order nonzero permanent moments: an appreciable quadrupole, and a dipole that is small but finite, 0.083 D.25 This argument indicates that propanewater should be more rigidly bound than methane-water, and consequently that it would have a larger dipole moment in its ground state. However, the contributions of the repulsive interactions to the overall anisotropy are not easy to assess in an a priori fashion, and these may actually be the determining factors in establishing the effective rigidity of the two complexes. In the discussion which follows, it will be helpful to introduce some elements of group theory. The microwave spectrum of free propane is characterized by a small tunneling splitting of between 100 and 600 ~Hz,~~ representing the hindered internal rotation of the two methyl subunits relative to the whole. The well depth parameter, ( Vs), is 1108 ( f 10) cm-'. There is also a slight top-top coupling, (Viz), of -51.8( =l=8) cm-1.25 The resulting sublevels are labeled AA, AE, EA, and EE, according to the symmetry of the individual wave function for each methyl group. For pure rotational transitions, the selection rules are given by AA-AA AEttAE EA++EA EE-EE.
(1) In discussing the far-infrared spectrum of the propanewater complex, the situation is further simplified. The tunneling splittings due to methyl group torsion observed in high-resolution microwave experiments are small compared to the accuracy and linewidth of the far-infrared spectrometer. If one could observe the spectrum of uncomplexed propane with the far-infrared spectrometer, the torsions would therefore introduce unmeasurable tunneling splittings, so that they are, for the purposes of the farinfrared spectrum of propane, chemically unfeasible, in the sense described by Bunker.26 As a result, the group theory of the propane-water complex can be considerably simplified by labeling the two equivalent methyl groups, 1 and 2, and the two protons of the water A and B. Both the C2, and hydrogen-bonded equivalent frameworks are shown in Fig. 3 . In the following, we explicitly discuss the hydrogen-bonded reference geometry for reasons which will become clear. In discussing the symmetry considerations for an assignment of the far-infrared transition, it is important to distinguish between two tunneling paths shown in the lower portion of Fig. 3 . The tunneling path l-2, which interchanges the water hydrogen atoms, introduces the nuclear spin selection rules appropriate to the water monomer, while the tunneling path l-, 3 is governed by the much relaxed selection rules of the two methyl groups. Since each rotational level has methyl-group tunneling components of all symmetries, the nuclear spin of the propane hydrogen atoms will not be a factor in establishing the VRT selection rules.
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This matrix can be diagonalized for 1 m 1~8 to yield the fust few eigenvalues to an adequate level of convergence. Stark measurements in the microwave spectrum'3 established the presence of a small b dipole (in the heavyatom plane), and the complex is taken to have an equilibrium geometry in which all three water atoms are coplanar with the three carbons of propane. As a consequence, the maximum of energy must lie out of that u-b plane. Since $=O is a maximum in cos 24, the zero of 4 must be along the c (out-of-plane) axis. The wave function of the ground state is, to first order, symmetric about the a axis, but increasing the barrier V, concentrates the wave function in the molecular plane. The first two excited states have the wave functions Y,=sin 4, Y,=cos 4, (6) respectively, so that the lower energy state, Y,, has its maximum probability density in the a-b molecular plane, and a node perpendicular to that plane. The transition to W, would be polarized in the molecular plane, perpendicular to the rotation (a) axis and therefore would be b polarized. Hence the state observed in this study must be the next higher one, Yc (in order to match the observed C-type selection rules).
In the limit of a very high barrier, Y's correlates to the upper tunneling states of the ground vibrational state, and the first vibrational state is doubled by the introduction of one of the states correlating to m = f 2. This is the splitting introduced by the l-, 3 tunneling shown in Fig. 3 . There is in addition the or&-para ( 1 -+ 2) splitting of the water. These considerations lead to the correlation scheme for the 1 -f 3 torsional motion is shown in Fig. 4 . Figure 4 shows that a c-type transition would be observed no matter where on the correlation diagram propane-water is, and that if it were in the high-barrier limit, there would be two c-type transitions in the farinfrared separated by a small tunneling splitting, and originating in different nuclear spin confirmations. In the highbarrier limit, however, both ground-state tunneling states would be thermally populated, and a total of four states would have been observed in the microwave spectrum, two from the ortho configuration, and two from the para configuration. Since this is not observed,i3 the ground-state tunneling splittings would have to be large compared to kT,ib, and although the rotational temperature in the NIST supersonic beam is about 1 K, this information does establish that propane-water cannot be on the high-barrier side of correlation diagram.
The problem with implementing a calculation based on the torsional model of Eqs. (2)- (6) is that of choosing a value for the effective rotational constant. An upper limit on this rotational constant would be 27 cm-', the A rota-tional constant of water. However, because this assumes that the water subunit symmetry axis is perpendicular to the complex a axis, this would yield zero dipole along the a axis, inconsistent with experiment. The moment of inertia for water rotating about an OH bond is 0.864 amu A2, yielding a rotational constant of 19.5 cm-'. This would be the m=O-* f 1 transition energy of the complex in the absence of any barrier to torsion at all. Introducing a barrier splits the O-, * 1 transition energy rapidly. Thus, if the bond were a linear hydrogen bond, with no bending, the torsional rotation of the free proton about this bond would be entirely unhindered. The absence of a barrier seems unreasonable, so this choice of rotational constant is rejected.
At the lowest extreme would be the effective rotational constant 17.2 cm-' given by a geometry in which the free OH bond is perpendicular to the complex a axis. The frequency of the upper m=O+ f 1 transition increases from this value, so it is conceivable that the effective rotational constant is this low. Although this geometry is not completely consistent with the dipole observed,13 it is the only "reasonable" choice for the internal rotation constant. One can then introduce a potential V,=2.4 cm-', for a barrier of 4.8 cm-' before the O+ i lupper transition rises to 19.7 cm-'. Since the internal rotation constant is taken to be at its lower bound, this modeling suggests that 4.8 cm-' is in fact an upper bound for the barrier height. This simple calculation predicts the 0-t f llower transition at 14.8 cm-r , well below the lower limit of the region scanned in this work.
V. CONCLUSIONS
We have observed and identified a torsional vibrational transition of the propane-water complex. This spectrum and the microwave spectrum presented in the accompanying paperr indicate that all three atoms of water are in the CCC plane of the propane, and the current data suggest there is only slight ( < 5 cm-') hindrance to internal rotation about the CH-0 hydrogen bond. Further data are clearly needed before more complete conclusions can be drawn about the intermolecular potential energy surface.
